The dielectric and ferroelectric properties of the poly͑vinylidene fluoride-trifluoroethylenechlorotrifluoroethylene͒ terpolymers are studied in the temperature range 160-380 K. More attention was given to the dielectric loss in the dielectric spectra and the following results were obtained: ͑1͒ there are two dielectric polarization mechanisms, modes A and B, contributing to the majority of the dielectric permittivity; ͑2͒ by using the Cole-Cole plot method, precise relaxation rates of mode B can be obtained, which follow the Vogel-Fulcher relation with reasonable parameters, T VF ϭϳ160Ϯ2 K, U VF ϭϳ0.16Ϯ0.01 eV, 0 ϭ1ϫ10
Poly͑vinylidene fluoride-trifluoroethylene͒ copolymers have been extensively studied due to its high piezoelectricity and ferroelectricity. [1] [2] [3] [4] Recently a very high electric-fielddriven strain with less hysteresis and high elastic energy density was discovered in electron-irradiated poly͑vinylidene fluoride-trifluoroethylene͒ copolymers. 4, 5 With a synthesis of the so-called terpolymer, P͑VDF-TrFE-CTFE͒, 6 ,7 where a chlorotrifluoroethylene ͑CTFE͒ monomer is added to the P͑VDF-TrFE͒ copolymer as a third component, the same ultrahigh strain level as that of the irradiated copolymer has been obtained, but the expensive irradiation process is omitted. This makes the polymers more economical and the potential applications even more promising.
However an in-depth understanding of the physical nature of the ferroelectric and dielectric behavior and high strain of the material is not available, which is highly desirable for further improvement of the electromechanical properties.
In this letter, we report the dielectric and ferroelectric behavior in terpolymers P͑VDF-TrFE-CTFE͒ in the temperature range 160-380 K.
P͑VDF-TrFE-CTFE͒ terpolymer samples with mole ratio of VDF:TrFE:CTFEϭ65:35:9 was used in this work. The thickness of the samples is 20-50 m. The complex dielectric permittivity was measured in the temperature range 160 KрTр380 K with an ac field of 5 mV/m.
The temperature ͑T͒ dependence of the dielectric constant (Ј) and loss (tan ␦) for the P͑VDF-TrFE-CTFE͒ terpolymer is shown in Fig. 1 at 0.1, 1, 10, 100, and 1000 kHz. At high frequencies, as shown in the inset of Fig. 1͑a͒ , it seems that only one set of dielectric anomaly occurs in the range 310-330 K from 10 kHz to 1 MHz. This peak is assigned as dielectric mode A in this work. However, at low frequencies, for example, at 100 Hz, an additional shoulderlike anomaly is seen in the profile of Ј versus T around 270 K, named mode B. This shoulder-like anomaly in addition to the dielectric peak ͑mode A͒ is confirmed by the inspection of the dielectric loss (tan ␦) versus T profile, as shown in Fig. 1͑b͒ . Below 10 kHz, two sets of tan ␦ peaks are shown; for instance, the two tan ␦ peaks occur at ϳ250 and ϳ290 K at 100 Hz, respectively. In the inset of Fig. 1͑b͒ , the coexistence of the two sets of dielectric loss peaks is distinctly displayed at low frequencies ͑100, 200, 300, and 400 Hz͒. The one at 250 K is corresponding to mode B in the Ј, and the other is mode A. It should be pointed out, with increasing frequency, the intensity of tan ␦ for mode B increases rapidly, while the change in the intensity of tan ␦ for mode A is not significant. APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 12 22 MARCH 2004 evolution with frequency are further revealed in the temperature dependence of the imaginary part (Љ) of the complexpermittivity as shown in Fig. 2 . It can be seen that at a low frequency ͑less than 50 kHz͒, the intensity of mode A is higher than that of mode B, as shown in Figs. 2͑a͒ and 2͑b͒. With increasing frequency, the intensity of mode B increases rapidly, and the temperature (T mB ) where the Љ maximum occurs is shifted to a high temperature, while T mA is the same within the experimental error. This leads to a gradual overlap of the two peaks in the frequency range of 1-50 kHz, as shown in Fig. 2͑b͒ . Finally above ϳ50 kHz, the profile shows only one peak, as shown in Fig. 2͑c͒ . From the evolution of the two peaks with increasing frequency, it is known that this one peak profile results from the overlapping of modes A and B. The overlapping of modes A and B makes it difficult to obtain precise data of the relaxation time based on the temperature dependence of the imaginary part of permittivity, as shown in Fig. 2 , in particular in the two-mode coexisting region. For a similar case in the dielectric spectra of Bi doped SrTiO 3 , 9,10 the present authors used Cole-Cole plots to separate the multipolarization mechanisms. In this work, we also apply this method to this system in order to separate the two dielectric modes. Figure 3 shows the Cole-Cole plots in the temperature range where mode B occurs. The complex-permittivity can be empirically described by the Cole-Cole equation:
where 0 is the static permittivity, ϱ is the permittivity at high frequency, is the angular frequency, is the mean relaxation time, and ␤ϭ1Ϫ␣, where ␣ is the angle of the semicircular arc. It can be seen that the data points for mode B fit into a semicircular arc with the center lying underneath the abscissa. By fitting this arc with the least square approach, the ␤ parameter as well as 0 and ϱ can be obtained. For example, 0 ϭ55.7, ϱ ϭ3.7, and ␤ϭ0.66 were obtained for mode B at 303 K. In the temperature interval 248 -338 K, ␤ is in the range 0.28 -0.73. Around room temperature, for example at 288 and 303 K, as shown in Fig. 3 , there is a slightly flat curve in the low frequency range, corresponding to mode A as shown in Figs. 1 and 2. With decreasing temperature, mode B extends to a low frequency range. Simultaneously, mode A moves to much lower frequencies.
From Fig. 3 , it can be seen that when the Cole-Cole plot method is used in this system, the contribution of mode B ͑the semicircular arc͒, mode A ͑the flat curve part͒, and the background of ϱ рϳ3 can be clearly separated.
The temperature dependence of the relaxation rate obtained from the Cole-Cole plot is shown in Fig. 4 . The relation between log and 1/T is linear, and can be fitted well to the Arrhenius law:
where 0 is the relaxation rate at an infinite temperature, U the activation energy for relaxation, k B the Boltzmann's constant, and T the absolute temperature. The Arrhenius fitting yielded an activation energy of Uϭ0.82 eV, and the preexponential factor 0 ϭ3ϫ10 19 Hz ( 0 ϭ1/(2 0 )ϭ5 ϫ10 Ϫ21 s). The parameter 0 ϭ5ϫ10 Ϫ21 s seems to be too low to have physical meaning; due to this, the fitting to the VogelFulcher relation 12 for Mode B is tested,
where T VF is the Vogel-Fulcher temperature. Almost the same fitting quality is obtained, as shown in the lower frame of Fig. 4 . However, compared with the Arrhenius law fitting, Looking back to the earlier literature in the 1980s 14, 15 for semi-crystalline P͑VDF-TrFE͒ copolymers, it was reported that there are three dielectric anomalies in the sample with composition around mole ratio VDF:TrFEϭ50:50. One is at ϳ70°C ͑343 K͒, which is related to the phase transition in crystalline regions, i.e., a ''paraelectric-ferroelectric'' transition. The dielectric anomaly at Ϫ5°C ͑268 K͒ was attributed to dielectric relaxation process from noncrystalline regions. A dielectric anomaly at ϳϪ70°C ͑203 K͒ was attributed to the local oscillatory motion of the main chain. 14, 15 In the present work, the observed two dielectric modes A and B in the terpolymer could be reasonably assigned as the ''paraelectric-ferroelectric'' transition in crystalline regions, and the dielectric relaxation process from noncrystalline regions, respectively. The dielectric anomaly at ϳϪ70°C ͑203 K͒ is not observed in this work, probably due to its very weak intensity.
The addition of the monomer ͑CTFE͒ into the ferroelectric copolymer P͑VDF-TrFE͒ greatly increases the intensity of mode B, and effectively suppresses the ''paraelectricferroelectric'' transition ͑mode A͒. This effect is, to some content, different from that of the electron irradiation. The electron irradiation converts the crystalline regions into noncrystalline regions, and also induced more defects in remaining crystalline regions; and hence, the original ''paraelectric-ferroelectric'' transition was changed to a ''ferroelectric relaxor'' type peak after electron-irradiation. In the terpolymer, the ''paraelectric-ferroelectric'' transition exhibits a sharp dielectric peak that does not shift with increasing frequency ͑see Fig. 2͒ , reflecting the nature of a normal ''paraelectric-ferroelectric'' transition. This implies that the remaining crystalline regions in the terpolymer keep a better macrodomain characteristic than that of the crystalline regions remaining in the irradiated copolymers. Indeed, a well-developed ferroelectric hysteresis loop is observed with a remnant polarization of 2.8 C/cm 2 and a coercive field of 125 kV/cm.
The relaxation rate of mode B can be fitted to the VogelFulcher relation, with the fitting parameters T VF ϭ162 K, U VF ϭ0.147 eV, 0 ϭ1.6ϫ10 Ϫ13 s ( 0 ϭ1ϫ10 12 Hz), which are physically reasonable. For example, the obtained temperature T VF ϭ162 K implies a frozen-out temperature corresponding to the temperature dependence of the dielectric behavior shown in Fig. 1 , below which Ј becomes independent of frequency and temperature indicating a background-dielectric-response (Јϭϳ2). These are quite different from the parameters T VF ϭ298.3 K and U VF ϭ0.0084 eV reported in Ref. 13 for terpolymers with a similar composition.
In conclusion, the significant results obtained in the present work are: ͑1͒ two dielectric anomalies ͑modes A and B͒ are identified for the P͑VDF-TrFE-CTFE͒ terpolymers with mole ratio of VDF:TrFE:CTFEϭ65:35:9 used in this work, which contribute to the majority of the dielectric polarization; ͑2͒ mode A is the ''paraelectric-ferroelectric'' transition in crystalline regions, and mode B could be attributed to the dielectric relaxation from the noncrystalline regions. The overlapped dielectric responses of modes A and B and the background-dielectric-response can be decomposed by adopting the Cole-Cole plot method, and the precise relaxation rate of relaxation process mode B has been obtained, which follows both the Arrhenius relation and the Vogel-Fulcher relation with almost the same fitting quality. Fitting to the Vogel-Fulcher relation yielded physically reasonable parameters T VF ϭ162 K, U VF ϭ0.147 eV, 0 ϭ1.6 ϫ10 Ϫ13 s ( 0 ϭ1ϫ10 12 Hz) for mode B. However, the underlying physics for the dielectric relaxation behavior in this polymer system needs further work.
